Abstract: A novel plasmonic lens consisting of metallic nanoslits with a patterned dielectric substrate is proposed. In the structure, all metallic nanoslits have the same geometrical parameters and interspacing. The phase of incident light is modulated beforehand by the substrate before they bump on the metal slits. The surface plasmon polaritons (SPPs) wave excited by the modulated light will be focused after passing through the slits. Numerical simulation demonstrates that the size of the generated focal spot is very close to half wavelength. The overriding advantage of the proposed structure is that it significantly reduces the difficulty in fabrication while the focusing properties are comparable to the ones with filling materials in the slits.
Introduction
One of the most attractive properties of surface plasmon polaritons (SPPs) is that they can be concentrated and guided in nanostructures, which makes it possible to miniaturize the photonic devices in nano-scale for future integrated optical circuits [1] - [3] . Utilizing this characteristic, a variety of compact plasmonic devices, such as filter, beam splitter, demultiplexing structures, etc., have been proposed [4] - [8] . As one of the indispensably devices for optics system, plasmonic lens has been studied widely in recent years [9] - [16] . Many plasmonic lenses based on metal slits with variant widths or depths have been emerged for light focusing [9] - [12] . However, due to the quickly decreasing dependence of the mode propagation constant on the slit width, these designs have only very limited modulations of the phase delay [11] , [12] . An alternative approach to achieving subwavelength light focusing in the optical regime is using metal-dielectric composite structure [17] - [20] . Some plasmonic plate lenses with dielectric filled metal slits have been proposed to enlarge the phase delay range [17] , [18] . Nonetheless, a common problem in these designs is that the lenses have challenging design parameters such as geometrical configuration or variation materials. Especially, there is a great fabrication difficulty in filling arbitrarily selected materials into nanoscale slits. This lead to the material-modulated lenses attracted much less interest. To remedy the situation, a simplified material-modulated lens with uniform metal slits has been suggested [20] .
But even so, from the point of view of fabrication, to fabricate the structure is also still a quite difficult task. Obviously, to further simplify the structure or propose a replaceable method is crucial for circumventing the technical problem.
In this letter, we present a design of plasmonic lens consists of uniform metallic slits with a modulated dielectric substrate. By varying the local geometry shape of dielectric substrate, the phase front of SPPs passing through the metal slits can be shaped for subwavelength focusing at optical frequency. The proposed structure is planar and well suited to fabricate because its design parameters and geometrical configuration are simply. We numerically demonstrate the ability to perform design in two dimensions. The simulation result shows, comparing with the material filling plasmonic lenses, our design can obtain almost equivalent performance on beam focusing while overcoming its limitations.
Principle
Compared to the planar plasmonic lenses with variant slit width, a plasmonic lenses with both slit width and refractive index modulation has greatly enhance the focusing performance in a fixed lens aperture due to the metal-insulator-metal (MIM) structure can greatly extend phase delay range [17] . In metal nanoslits, SPPs modes propagate along the slits with a complex propagation constants , and then convert to radiating fields at the ends of metallic slits. The value of can be solved using Eq. (1) [11] tanh
where k 0 is the wave vector of light in free space, " m and " d are the relative dielectric constant for the metal and the materials between slits, and w is the slit width. The value of Reð=k 0 Þ is the effective refractive index in the metal slit and determines the phase retardation. From Eq. (1), we calculate the effective refractive indices as a function of dielectric constant " d of the materials in the metal slit at different widths. In our calculation, the incident wavelength is 850 nm. Silver is assumed as metal. The complex relative permittivity of silver is described by the Drude model
Here, ! p ¼ 9:1 eV is the plasma frequency; ¼ 0:018 eV is the damping frequency of the oscillations, ! is the angular frequency of the incident light, and " 1 ¼ 3:7 stands for the dielectric constant at infinite angular frequency [21] . Considering the practical fabrication, PMMA is employed to fill the slits and as the substrate dielectric. The refractive index of PMMA is 1.5 at a wavelength of 850 nm. The effective refractive indices for the cases of metal slit and MIM structure as a function of the slit widths are plotted in Fig. 1 . From the Fig. 1(a) , it can be seen that, compared with nano-slits, the modulating range of effective refractive index greatly increases to about 1.5 time by using MIM structure. On the other hand, a larger phase delay can be also achieved by tuning the refractive index of filling material in a constant width slit. Fig. 1(b) gives the calculation result. Here, the refractive-index values of filling material are changed from 1.45 to 1.75 with a step of 0.01, while the slit width is fixed at 50 nm, 150 nm and 100 nm, respectively. These refractive-index values may be achieved by employing hybrid oxide layers [18] . As shown in the figures above, a wider phase delay range can be obtained by combining both the slit width and the refractive index tuning. However, although an enough large phase delay range can be obtained using nano-slits with dielectric filling, it is great difficulty to fill arbitrarily selected materials into nanoscale metal slits. Besides, it is also a difficult task to fabricated slit with a width of less than 50 nm on metal film. For overcoming these limitations, a convenient alternative design for subwavelength focusing has to be sought, which should be fabricated easily using simple lithography followed by etching.
We employee a finite array of uniform metal slits with patterned dielectric substrate to accomplish our aim. This structure works as follows. When a transverse magnetic (TM) plane wave bumps the structure from bottom, light will pass through the dielectric substrate firstly. And then, the modulated light will excite SPPs at the entrances of the metallic slits. Because of the excited light with different phase, SPPs excited by the modulated light will pass through the slits as waveguide modes with different initial phase delay. If the geometric profile of dielectric substrate is suitable designed, the phase of radiating waves of SPPs emerging from the entrances of the metallic slits will constructively interfere at a space position, forming a light focal spot.
According to the theoretic analysis above, the configuration of proposed focusing device is showed in Fig. 2(a) , in which multiple nanoslits are perforated into a metal film with patterned dielectric substrate. The corresponding plasmonic lens composite of uniform metallic nanoslits with material filled is also depicted in Fig. 2(b) .
Simulation and Discussion
To verify the capability of plasmonic lens in beam focusing, two-dimensional finite difference time domain (FDTD) method is performed to verify and appraise the properties of the design. In the FDTD algorithm, the spatial grid sizes in the x and the y directions are chosen to be 5 nm Â 5 nm. The simulation region is 11 m Â 10 m and surrounded by perfectly matched layer absorber. The time step is 15000 step. The incident light is transverse magnetic (TM) plane wave. For comparing the focusing characteristics of the two cases, we select one group of parameters as an example to illustrate its working performance. The parameters of metal part of the structure are as follows: The thickness of the metal film is 680 nm and the slit interspacing is 300 nm (center to center). All slits are kept at constant width of 100 nm. The number of metallic slits is set to 33.
We firstly study the focusing properties of the proposed structure at a wavelength of 850 nm. To achieve light focusing, for an incident plane wave front, the patterned dielectric substrate needs to generate a curved outgoing phase front. According to the equal optical path principal [11] the required phase distribution ideally as a function of the distance x from the center of the structure to form a focal length f can be expressed by
where n is an arbitrary integer, f is the geometrical focal length, and stand for the incident wavelength. Based on Eq. (3), the substrate zones widths are set to 0.6, 0.6, 3.3, 0.6, and 0.6 m, from left to right and the corresponding center positions along x axis are À4.35, À2.85, 0, 2.85, and 4.35 m, respectively. For convenience, the thickness of PMMA substrate is set to 1 m. Correspondingly, in the plasmonic lens shown in Fig. 2(b) , the number of slit with material filling is 0, AE1, AE2, AE3, AE4, AE5, AE10, AE11, AE15, and AE16, again going outward from the middle. When the thickness of the PMMA film is 1 m, the phase range can reach for two slits with dielectric substrate and without. Similarly, from the Fig. 1 , the difference of effective refractive index for 100 nm slits with filling material of air and PMMA is about 0.5, which will also result in a phase range of for two slits. Fig. 3(a) and (b) give the corresponding normalized field intensity distributions of transmitted light for the two structures, respectively. The time-average magnetic field intensity jHy j 2 is used to represent the field intensity distribution. In the Fig. 3(a) , one can see clearly that transmitted light through the design structure forms a focus spot. The intensity profiles of focal plane in the two structures are depicted in Fig. 3(c) , and the full width at half maximum (FWHM) at focal lengths are about 432 and 436 nm. The values are close to the diffraction limit. The generated focal lengths are 3.89 and 4.77 m, respectively, which have been plotted in Fig. 3(d) .
These results demonstrate that the performance of the designed metal-lens agrees well with the preset objective. Besides, it should be note that, in the focal plane, the peak value of light field in the design lens is higher than the filling counterpart, as shown in Fig. 3(d) , which is attributed to the multiple reflection of light between the exit surface of substrate and the entrance surface of metal slits. This effect can be considered as Fabry-Pé rot-like phenomenon. It plays a positive role for the enhanced transmission.
Additionally, in a practical case, the wall of the dielectric zone might not be strict vertical and it would have a small angle that is brought about by the fabricating process. Simulation results show that this error has a only slight influence on the subwavelength focusing when the angle is smaller than 10 degree.
The phase distributions of the two lenses at the focal spots are shown in Fig. 4 . From the figure, it shows clearly that the actual phase distribution does not agree well with the ideal phase distribution (black line) which is obtained using Eq. (3). Here, f is set to 4.5 m. This is mainly because the parameters of the structure is greatly simplified in the design.
Further, the dispersive behavior of design structure should be investigated if it is being considered for coupling between optical devices or subwavelength imaging. Fig. 5(a) and (b) plot the intensity distribution of the designed lens operating at the wavelengths ¼ 800 nm and ¼ 950 nm, respectively. Obviously, the incident light at a longer wavelength generates a light spot closer to the exit surface of the structure, after passing through the metal film. It is due to the Fig. 4 . Phase distributions at the focal planes for both cases. Blue squares for the lens with dielectric substrate and red triangles for the lens with filling material, respectively. The black curve is the ideal phase distribution. effective light path of the diffracted light at different wavelengths is changed. For a longer incident wavelength, a position closer to the metal film surface has a larger phase delay difference between slits and satisfies the condition for the constructive interference.
The results indicate that the designed nanolens can achieve good subwavelength focusing at wavelength with a range of about 150 nm, which extends the applicable fields of the lens. Additionally, the simulation results show the transmitted light tend to diverge when incident wavelength is less than 800 nm, which is due to the phase delay difference of diffracted light from different slits does not satisfy the requirement of the constructive interference. The variety of phase difference of the focal spot originates from two different mechanisms: one part comes from the dielectric dispersion, while another part roots in the dispersion of metal. Fig. 6 shows more details of the dependence of focal length and spot size on incident wavelength. With increasing wavelength from 800 to 950 nm at a step of 50 nm, the focal length decreased steadily from 4.12 to 3.24 m, and the FWHM changes from 443 to 433 nm.
The main purpose in near field focusing is to obtain sub-diffraction limited focal spot. In order to achieve this goal, we optimize the structural parameters of designed lens to generate a smaller light spot. Here, the substrate zones widths are set to 0.6, 0.6, 0.6, 2.4, 0.6, 0.6, and 0.6 m, from left to right and the center positions along x axis are À4.8, À3.2, À2.1, 0, 2.1, 3.2, and 4.8 m. Fig. 7(a) shows the calculated result of intensity distribution of the transmitted light at 850 nm. It has a focal length of 1.57 m and a FWHM of 359 nm. Fig. 7(b) plots the cross section at focal plane.
Moreover, it is worthy to emphasis that, in such structure, the focusing characteristic can be controlled by varying the geometry profile or refractive index distribution of local dielectric substrate. Here, for maintaining planar, we only consider the refractive index distribution. As an example, a structure with tuning refractive index substrate is simulated, as shown in Fig. 8(a) . The refractive indexes of local dielectric substrates are 1.75, 1.45, 1.5, and 1.45, respectively, dielectric zone going outward along the x -direction. The selective refractive index tuning is feasible by using current technology such as masked planarization, lithography and etch-back process. The substrate zones widths are 0.6, 0.6, 0.6, 3.3, 0.6, 0.6 and 0.6 m, from left to right and the corresponding center positions along x axis are À5, À3.8, À2.6, 0, 2.6, 3.8, and 5 m, respectively. Fig. 8(a) shows the intensity distribution of transmitted light, through which one can see clearly that the designed structure could generate two focuses with equal intensity in the same output plane. Fig. 8(b) gives the intensity profile at focal plane. It has a focal length of 3.19 m and a FWHM of 368 nm, which is smaller than half of the incident wavelength. The spacing between the two focal spots is 1.2 m. However, it should be pointed out that a substrate with such a complex refractive index distribution will inevitably increases the difficult in manufacturing.
Compared with the configuration of metal slits with material filling, our structure offers a convenient alternative to fabricate a flat plasmonic lens. Given all these advantages, in many fields, the plasmonic lens consist of metal slits with material filling can be replaced entirety by the design structure.
Conclusion
In summary, a plasmonic lens composed of metallic slits with a patterned dielectric substrate is introduced. The presented design can tailor the phase delay of SPPs by varying the geometry profile or refractive index of local dielectric substrate for generating subwavelength beam focusing at visible wavelengths. The principle should be extendible to more complex designs, such as to compensate for angles of incidence, or to perform beam deflection. The proposed focusing structure is easily fabricated with present fabrication capabilities and has potential applications in integrate optics, date storage, and optical sensor.
